TRC8 encodes an E3-ubiquitin ligase disrupted in a family with hereditary renal cell carcinoma (RCC). We previously reported that Drosophila Trc8 (DTrc8) overexpression inhibits growth and that human and fly proteins interact with with the COP9 signalosome (CSN) subunit JAB1/CSN5. However, further mechanistic evidence linking DTrc8 growth suppression to CSN5 was lacking. Here, we show that haploinsufficiency of CSN5, or a T100I point mutation (CSN5 3 ), relieved growth suppression by DTrc8, whereas CSN5 1 (E160V) and CSN5 2 (G147D) mutations had no effect. The strength of yeast two-hybrid interactions between DTrc8 and CSN5 were in complete agreement with the observed phenotypes. DTrc8 overexpression resulted in elevated levels of CSN5 and CSN7, but had no effect on NEDD8-modified Cul-1. In contrast to CSN5, heterozygosity for CSN4 null had no effect on the DTrc8 phenotype. We also looked for genetic interactions between DTrc8 and other MPN domain proteins in the CSN and 26S proteasome lid. CSN6 haploinsufficiency restored growth, whereas reduction of proteasome subunits RPN8 or RPN11 had no effect. DTrc8 expression increased the level of digitonin-extractable CSN complex, consistent with elevated levels of CSN5 and 7. Our genetic results confirm that DTrc8-induced growth suppression is CSN5 (and CSN6) dependent. While there was no obvious influence on CSN deneddylation activity, the increase in CSN subunits and holocomplex suggests that TRC8 modulates signalosome levels or compartmentalization.
Introduction
The 3;8 chromosomal translocation, (3;8)(p14. 2;q24.1), was identified in a family with hereditary clear-cell RCC (renal cell carcinoma) and nonmedullary thyroid cancer (Cohen et al., 1979; Li et al., 1993) . While most familial RCC cases are caused by mutations in the VHL (von Hippel-Lindau) gene, affected individuals in this family lacked germline VHL mutations and other manifestations of VHL syndrome. The (3;8) rearrangement fuses 5 0 -untranslated FHIT sequences with the C-terminal coding portion of TRC8 (translocation in renal cancer from chromosome 8), interrupting a predicted sterolsensing domain (Gemmill et al., 1998) . TRC8 is a multimembrane spanning ER-resident protein containing a RING-H2 finger with demonstrable E3-ubiquitin ligase activity (Lorick et al., 1999; Gemmill et al., 2002) . In addition, it has partial similarity to the Hedgehog receptor, Patched (Gemmill et al., 1998) .
We previously reported that ds-RNA-mediated inhibition of either DTrc8 or DVhl in Drosophila embryos resulted in an identical ventral midline defect, and that the TRC8 and VHL proteins physically interact (Gemmill et al., 2002) . Thus, TRC8 is the first VHLassociated protein that is also a mutational target in RCC. Consistent with its predicted role as a tumor suppressor, over-expression of DTrc8 in Drosophila wing imaginal discs led to growth inhibition in a dosedependent manner (Gemmill et al., 2002) . DTrc8 protein also physically interacts with JAB1/CSN5 (hereafter CSN5) and the subcellular localization of CSN5 is affected by the mutational status of VHL in RCC cell lines (Gemmill et al., 2002) . However, more evidence directly linking CSN5 to TRC8 function was lacking.
CSN5 is a subunit of the COP9 signalosome (CSN), a complex of eight proteins highly related on a subunit to subunit basis with the regulatory lid of the 26S proteasome (reviewed in Chamovitz and Wei and Deng, 2003) . The CSN influences diverse cellular and developmental processes in both animals and plants, including embryonic patterning, neural development, gametogenesis and photomorphogenesis (Bianchi et al., 2000; Kleemann et al., 2000; Chamovitz and Glickman, 2002; Oron et al., 2002; Suh et al., 2002; Cope and Deshaies, 2003) . At the biochemical level, the intact CSN regulates levels of NEDD8-modified Cullins ) through an isopeptidase activity associated with CSN5 (Schwechheimer et al., 2001; Cope et al., 2002) . CSN5 mutations that affect the conserved isopeptidase JAMM motif (i.e. E-X n -HSHP-X 9 -D) eliminate deneddylase activity (Cope et al., 2002) , although isolated CSN5 outside the context of the intact signalosome was inactive as an isopeptidase. While mutations in Csn1, Csn4 and Csn5 all affect CSN isopeptidase activity, leading to high levels of neddylated Cullins, other phenotypes arising from CSN mutations are not similarly shared (Mundt et al., 2002) . CSN5 and a subset of signalosome subunits also exist in smaller sub-CSN complexes Tomoda et al., 2002) . Thus, it is reasonable to suspect that CSN5 may have activities other than deneddylation depending on its complex formation, subcellular localization (Mundt et al., 2002) and interactions with other partners. One of these functions appears to be the nuclear-cytoplasmic transport and degradation of p27 kip1 (Tomoda et al., 2002) . Here, we demonstrate that DTrc8-induced growth inhibition is dependent on its interaction with the MPN domain signalosome subunits, CSN5 and CSN6. Our results confirm the significance of interactions between TRC8 and CSN5, both genetically and biochemically, and suggest that one consequence of TRC8 is modulation of CSN levels without changing cullin neddylation.
Results

DTrc8 genetically interacts with CSN subunits CSN5 and CSN6
We previously reported that DTrc8 caused lethality when globally overexpressed, while shrunken, deformed wings resulted from specific overexpression in wing imaginal discs (Gemmill et al., 2002) . Male wings were smaller and more deformed than female wings, most likely because the wing-disc-specific Bx MS1096Gal4 driver used in these experiments is located on the X chromosome and thus subject to dosage compensation (see Materials and methods). The resulting higher levels of DTrc8 protein in males resulted in stronger growth inhibition.
To determine if the TRC8-binding partner, CSN5, was necessary for growth inhibition, a transgenic fly strain that expressed DTrc8 in wing imaginal discs (y,w; MS1096, UasDTrc8 7.1 /Gla) was crossed with various CSN5 mutations to create individuals carrying the transgene in a CSN5 heterozygous mutant background. The CSN5 null1.3 allele deletes the entire coding region, while CSN5
, CSN5
2 and CSN5 3 alleles carry missense mutations (i.e. E160V, G146D and T100I, respectively ) (Cope et al., 2002) . Reducing the dosage of CSN5 with the CSN5 null1.3 restored normal appearing growth to female wings ( Figure 1c ) and substantially increased wing size in males (Figure 1d ). Differential results were obtained with the three missense alleles. While growth remained suppressed in heterozygous UASDTrc8 7.1 ;CSN5 1/ þ (Figure 1e and f) and UASDTrc8 7.1 ;CSN 2/ þ flies (not shown), normal wing size was restored in females by the combination of UAS-DTrc8 7.1 with CSN5 3/ þ heterozygotes (Figure 1g  and h) .
Our previous studies suggested that the MPN domain of CSN5 interacted directly with DTrc8 (Gemmill et al., 2002) . Of the eight signalosome subunits, CSN5 and CSN6 possess MPN domains, although CSN6 lacks the isopeptidase JAMM motif of CSN5. Since there were no P-element insertions or point mutations available for CSN6, we tested the ability of CSN6 to restore growth using the deficiency Df(3R)hh (93F11-94D13), which deletes CSN6 along with over 100 additional genes in chromosome 3. As with the dose reduction of CSN5, Df(3R)hh also restored growth to DTrc8-inhibited wings (Figure 1i and j) . As a control, we tested the consequences of reduced dosage for the PCI-domain subunit, CSN4. Gel filtration analysis has previously shown that homozygous deletion of CSN4 results in apparent loss of the intact CSN complex . Unlike the results with CSN5 and CSN6, hemizygous loss of CSN4 (CSN4 null2.2/ þ ) failed to restore wing growth to DTrc8-inhibited wings (Figure 1a , arrow). These results suggest that DTrc8-induced growth suppression involves both CSN subunits bearing MPN domains, CSN5 and CSN6. Moreover, it is not reduced levels of the CSN per se that relieves DTrc8-induced growth suppression but levels of the interacting proteins.
Since reduction of either MPN subunit restored DTrc8-mediated growth inhibition, we asked if this effect was specific to CSN subunits or was characteristic of other MPN proteins. The CSN and regulatory lid of the 26S proteasome are highly similar, in both the overall eight subunit composition and in a one-to-one correspondence of subunits (Glickman et al., 1998) . Thus, CSN5 and CSN6 are paralogous to the MPNcontaining proteasome lid subunits, RPN11 and RPN8, respectively (Chamovitz and Glickman, 2002) . We therefore asked, whether the DTrc8 phenotype was affected by mutations in RPN11 or RPN8. P-element insertions affecting RPN11 and RPN8 failed to restore growth to DTrc8-inhibited wings (not shown). GSTpulldown and yeast two-hybrid assays also failed to reveal an interaction between RPN8 and DTrc8 (data not shown). Thus, we conclude that DTrc8 growth inhibition involves signalosome but not proteasomeassociated MPN domain proteins.
The changes in wing shape caused by dorsal expression from the Bx MS1096Gal4 driver made quantitative measures of growth effects difficult. We therefore generated a recombinant second chromosome containing both en-Gal4 and Uas-DTrc8 to specifically drive expression in the posterior wing disc. Resulting wings were growth inhibited in the posterior compartment, as expected (compare Figure 2a and b) , while the lack of a dorsal curl facilitated measurements of wing areas. DTrc8 expression in the posterior compartment resulted in an anterior/posterior area ratio of 2.36 (70.112, (Figure 2c ) partially restored the A/P ratio to 1.99 (70.108, n ¼ 10), while heterozygosity for the CSN5 3/ þ missense allele (T100I) yielded a weaker restoration ratio of 2.11 (70.105, n ¼ 8) (Figure 2d and e). These differences in A/P ratios were highly statistically significant, with one-way ANOVA P-values of o0.0001 for comparisons to the wild-type ratio as well as among most pairs of ratios. While the differences in ratios between the CSN5 null1.3/ þ and CSN5 3/ þ mutants were the smallest, the changes remained statistically significant (P ¼ 0.0137). In contrast to results using the Bx MS1096Gal4 driver, crosses with enGal4, UasDTrc8 7.1.2 and the CSN5 1 and CSN5 2 mutations failed to produce adults. This may be due to the fact that engrailed is expressed in posterior compartments throughout development, suggesting that continuous overexpression of DTrc8 in combination with certain CSN5 mutants is lethal. This was not explored further. MS1096Gal4 control in either a wild-type or heterozygous mutant background, as indicated. Female wings expressing DTrc8 (left panels) were 80% of wild-type size and curled dorsally, revealed by the folded posterior edge (a, e, arrows). (b) Males wings (right panels) were severely growth retarded, due to higher Gal4 and DTrc8 levels resulting from dosage compensation of Bx MS1096 . Reduction of CSN5 in CSN5 null1.3/ þ females restored wing growth to normal (c). Male wings heterozygous for CSN5 null1.3 showed more growth than wild-type but remained curled and subnormal in size (compare d to b). CSN5 1/ þ failed to restore growth in either female or male wings (e, f), while growth was restored in CSN5 3/ þ animals (g, h). Reduction of CSN6 with CSN6 Df(3R)hh/ þ restored growth to approximately the same extent as
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DTrc8 binding to CSN5 missense mutations
Our previous analysis of CSN5 interactions suggested that its MPN domain contained the DTrc8-binding site. The three missense mutations tested for genetic interactions all lie within this domain (Figure 3a ), although at widely different positions, so we wondered if any might affect interactions with DTrc8. Comparisons among many MPN domain proteins showed that none of these three amino acids are conserved within this broadly defined group of proteins (Cope et al., 2002) . However, among CSN5 orthologs from Homo sapiens to Schizosaccharomyces pombe, these three sites are highly conserved ( Figure 3a ). In this group of organisms, Thr 100 is contained within a 14 amino-acid segment with 100% sequence conservation; 12 of these identities are retained when S. cerevisae is included. We directly tested the interactions between DTrc8 and mutant CSN5 proteins using the yeast two-hybrid assay. Yeast cells expressing an activation domain fusion with wild-type CSN5 (AD-CSN5 wt ) grew well on histidine selective media when a DNA-binding domain fusion with DTrc8 (DBD-DTrc8 ) was coexpressed ( Figure 3b ). Expression of mutant AD-CSN5 fusions had differential growth effects with DBD-DTrc8 ; AD-CSN5 1 and AD-CSN5 2 mutations interacted like wild-type, while AD-CSN5 3 grew less well, indicating that the proteinprotein interaction was attenuated. Western blot analysis indicated that this reduction was not due to changes in CSN5 or DTrc8 protein levels (data not shown). We also tested the interaction between DTrc8 and either wild-type or CSN5 3 mutant proteins in a GST-pulldown experiment. To accomplish this, CSN5 3 and wild-type alleles were translated in vitro and 35 S-labelled proteins incubated with a GST-DTrc8 C-ter fusion previously shown to bind CSN5 (Gemmill et al., 2002) . The results are shown in Figure 3c and demonstrate that CSN5 3 is impaired for DTrc8 binding (compare lanes 8 and 12). These interaction assays are in complete agreement with the observed growth phenotypes in flies and suggest that the region surrounding the Thr 100 residue may be especially critical for DTrc8-CSN5 interations.
DTrc8 does not affect Cullin deneddylation
To determine if DTrc8 expression affected the CSN or its subunits, we examined function and protein levels. The best understood CSN function is an isopeptidase activity that removes the ubiquitin-like NEDD8 modification from cullins (Cope et al., 2002) . Isopeptidase activity requires the JAMM motif (Figure 3a , E-X n -HSHP-X 9 -D), a Zn-binding catalytic site found within some MPN domains (Cope et al., 2002) . Since TRC8 binds the MPN domain (Gemmill et al., 2002) , and the attenuated binding mutation CSN5 3 (T100I) lies within this motif (Figure 3a) , it was possible that DTrc8-MPN interactions would block deneddylation activity. Alternatively, since TRC8 encodes an E3 ubiquitin ligase (Lorick et al., 1999) , it might downregulate the CSN or selected subunits leading to functional impairment.
To assess effects on the CSN, we generated fly larvae globally expressing DTrc8-MYC by crossing actinGal4/ CyO-GFP males to UasDTrc8 7.1 /CyO-GFP females. First instar F1s expressing DTrc8 (actGal4/UasDTrc8 7.1 (GFP À )) along with two control F1 populations were distinguished by GFP levels and harvested. Early harvesting was essential because high DTrc8 expression was lethal in late first instar larvae. Western blot analysis verified expression of an 85-90 kDa MYCtagged protein (Figure 4a , arrow) only in the actinGal4/ UasDTrc8 7.1 animals (lane 1). Relative levels of unmodified and NEDD8-modified Cul-1 were examined in DTrc8-expressing extracts and compared with several CSN mutants (Figure 4b ). No changes in the level of NEDD8-modified Cul-1 relative to unmodified Cul-1 were detectable in DTrc8-expressing extracts (compare lanes 7 and 8). In contrast, homozygous CSN4 extracts showed clear and reproducible increases in neddylated Cul-1 compared to heterozygous controls (compare lanes 1, 3 and 5 with 2, 4 and 6, respectively). These results indicate that DTrc8 does not affect the deneddylation activity of the CSN, as measured by Cul-1 modification.
DTrc8 expression increases levels of CSN5 and CSN7
Since DTrc8 appeared to have no effect on Cul-1 deneddylation, we asked if there was any discernable 3/ þ had a higher P-value (0.0137), indicated by the asterisk TRC8-induced growth suppression and CSN5 RM Gemmill et al alteration of CSN subunits. In eight independent samples of DTrc8-expressing and matched control larvae, six showed increased levels of CSN5 (Figure 4c , lane 10, top panel) with a mean increase of 67%. All extracts also showed increases for CSN7 (Figure 4c , middle panel) with a mean increase of 35%. Thus, one unexpected consequence of DTrc8 expression appears to be increased levels of CSN5 and CSN7. Surprisingly, in this analysis we noted that CSN5 protein levels were reduced in homozygous CSN4 null2.2 and CSN5 3 larvae, but not in CSN5 1 larvae (Figure 4c) . A similar pattern was observed for CSN7, a 30 kDa PCI-domain subunit of the CSN.
We could not assess changes in subunit levels for CSN5 2 homozygotes, as these failed to complete embryogenesis. Since all three CSN5 missense alleles were generated by EMS mutagenesis , it was likely that additional lethal mutations were present that limited homozygote viability. To overcome this problem, we crossed the CSN5 null1.3 line with each missense allele to generate trans-heterozygotes. Transheterozygous embryos carrying allele 2 completed development up to second instars prior to death; allele 1 was lethal in the late pupal phase, while about half of allele 3 animals emerged as adults. These last appeared comparable to similar flies carrying CSN5 2 /CSN5 3 , , except that they were overall smaller than wild-type and had 'droopy' wings. Western blot analysis of trans-heterozygous animals revealed that all three missense mutations led to higher levels of neddylated Cul-1 (Figure 4d ). Thus, all four CSN5 alleles led to increased Cul-1 neddylation, but only the CSN5 null1.3 or CSN5 3 alleles suppressed the DTrc8 phenotype. These results further support the conclusion that the growth suppression induced by DTrc8 does not occur through modulation of the CSN isopeptidase activity.
DTrc8 increases levels of the CSN
Simultaneous increases in two CSN subunits with DTrc8 overexpression led us to examine the signalosome complex for possible changes. Other groups have shown that ectopic expression of CSN5 alone failed to significantly alter CSN levels (Tomoda et al., 2002) , but it was unknown how alterations in two (or more) subunits might influence the complex. Native gel electrophoresis of digitonin extracts was performed as described by Tomoda et al. (2005) on larval lysates overexpressing DTrc8 or carrying mutations in CSN4 and CSN5. Western blot analysis with CSN5 and CSN7 antibodies was used to detect the CSN ( Figure 5 ). Most lysates contained an approximately 450 kDa complex null2.2 extracts (lane 1), confirming its identity as the CSN. This result was obtained with both antibodies and closely parallels the analysis using denaturing SDS-PAGE (Figure 4c ). CSN4 heterozygotes had a mild decrease in intact CSN levels (lane 2). DTrc8-expressing lysates (lane 8) contained over threefold more complex than the average of the nonexpressing control lysates (lanes 9 and 10). The CSN5 missense mutations displayed differential effects on the CSN complex (lanes 5, 6 and 7). Both the CSN5 1 and CSN5 2 alleles strongly reduced CSN levels detectable with anti-CSN5 antibody. These alleles also reduced signals observed with CSN7, although not to the same extent. In contrast, detection of CSN with anti-CSN5 or CSN7 antibodies was equal in the heterozygous CSN5 
Discussion
The genetic and physical interactions reported here demonstrate that DTrc8-induced growth suppression is dependent upon COP9 signalosome subunits CSN5 and CSN6. Several observations support the hypothesis that the physical interaction between CSN5 and TRC8 proteins is biologically important for in vivo function. First, the DTrc8 wing phenotype was completely suppressed in heterozygous CSN5 null/ þ female flies, and in flies heterozygous for a deletion of CSN6, while it was partially suppressed in males where dosage compensation resulted in higher DTrc8 levels. Second, the reduced growth of the posterior wing compartment in enGal4, UasDTrc8 flies was also partially restored by selected mutations in CSN5. While heterozygosity for the CSN5 1 or CSN5 2 mutations failed to restore growth, the DTrc8 wing phenotype was relieved by heterozygosity for CSN5 3 . Third, concordant with these results, both in yeast and in vitro interaction studies demonstrated that the CSN5 1 and CSN5 2 mutant The variable lethal period for homozygous CSN5 mutations was overcome by generating trans-heterozygous F1 larvae for each missense mutation over the CSN5 null1.3 . Extracts from second and third instar trans-heterozygous larvae (indicated by 1/-, 2/-and 3/-, respectively) were compared to homozygous (À/À) and heterozygous (À/ þ ) CSN5 null1.3 extracts. Cul-1 antibodies revealed both NEDD8-modified and unmodified Cul-1 levels (top panel). The blot was stripped and reprobed with CSN5 followed by CSN7 antibodies. The Coomassie stained (bottom panel) demonstrated equal loading for the three transheterozygous lysates, but these had slightly higher protein levels than the CSN5 null1.3 samples (lanes 1 and 2) . The asterisk indicates a background protein observed in all lanes with anti-CSN5 antibodies TRC8-induced growth suppression and CSN5 RM Gemmill et al proteins retained their ability to interact with DTrc8, whereas CSN5 3 binding to DTrc8 was attenuated. Fourth, neither heterozygosity for the CSN4 null mutation, nor loss of the proteasome lid MPN domain proteins, RPN8 or RPN11, affected DTrc8-induced growth inhibition. Thus, we conclude that these effects of TRC8 depend upon its interactions with CSN5 and CSN6.
The MPN domain of CSN5 contains an MPN þ (Maytal-Kivity et al., 2002) or JAMM (Cope et al., 2002) motif (E-X n -HSHP-X 9 -D) with metallo-isopeptidase activity that cleaves NEDD8 from cullin subunits . However, while the intact signalosome has activity, recombinant CSN5 alone does not (Cope et al., 2002) . Although the CSN5 3 mutation lies in a poorly conserved 60 residue spacer (Cope et al., 2002) , it is imbedded in a 14 aminoacid segment that is 100% conserved from humans to S. pombe (Figure 3a) , perhaps defining a physical structure needed to interact with proteins such as TRC8. Our results demonstrate that the CSN5 3 mutation (T100I), when homozygous, affects levels of NEDD8-modified Cul-1 (Figure 4b ). Since the levels of CSN5 3 protein were also decreased (in homozygotes, Figure 4c and d) , it is unclear whether the neddylation effect is due to reduced intrinsic isopeptidase activity or reduced levels of CSN5. Figure 4d shows that CSN5 2 and CSN5 3 mutations retained some deneddylase activity while the CSN5 1 mutation retained no more activity than the CSN5 null1.3 , yet only the CSN5 3 allele strongly reduced protein levels.
We found in repeated analyses that DTrc8 expression had no discernable effect on the levels of NEDD8-modified Cul-1 (Figure 4b ). However, due to a lack of cross-reacting antibodies, we have not assayed other cullins and cannot rule out possible effects on these. Moreover, as Cul-1 is largely nuclear, at least in S. pombe , it may be sequestered from actions carried out by the ER-associated TRC8.
What could the consequences of interactions with TRC8 be? The simplest hypothesis would be a decrease in one or more CSN subunits through TRC8's E3 ubiquitin ligase activity. However, Figure 4c demonstrated that both CSN5 and CSN7 levels increased in extracts expressing DTrc8 (lane 9), a result that has been repeated multiple times. Moreover, if DTrc8 induced degradation of selected CSN subunits, one consequence should be changes in neddylated cullin levels, which we never observed despite the differences in mutants affecting CSN4 and CSN5 (Figure 4b and d) . Strong upregulation of the CSN in DTrc8-expressing extracts also runs counter to the CSN degradation hypothesis. Finally, the fact that a reduction in CSN5 levels blocks DTrc8-induced growth inhibition also fails to support this model. We conclude, therefore, that DTrc8 is not acting to degrade the CSN or selected subunits.
An alternative model comes from analysis of CSN levels in digitonin extracts using native gel electrophoresis. DTrc8 expression increased the level of digitoninextractable CSN from larval cells. In both plant and animal systems, the CSN is primarily nuclear (Cope and Deshaies, 2003) , with variable levels present in the cytoplasm. Targets, including Cul-1, are also primarily nuclear although at least in S. pombe, 30% of the Cul-1 homolog Pcu1 has been reported in the cytoplasm . Digitonin extraction preferentially solubilizes cytoplasmic components. Thus, the CSN levels observed on native gels reflects levels in the cytoplasm. Sequestration of the CSN in the cytoplasm by DTrc8 would presumably reduce levels in the nucleus, perhaps overactivating cytoplasmic E3 complexes and attenuating activity of nuclear complexes. In this model, mutations in CSN5 that reduce binding to DTrc8 would restore a more normal CSN distribution and thus restore growth.
Existence of a sub-CSN complex provides a third model for TRC8 function. Gel filtration and glycerol gradient analyses have shown that CSN subunits 4, 5, 6, 7 and 8 also exist in a subsignalosome or 'mini-CSN' complex, localized predominantly in the cytoplasm (Freilich et al., 1999; Chamovitz and Segal, 2001; Oron et al., 2002; Tomoda et al., 2002) . While the intact CSN is maintained in CSN5 3 larvae, the smaller complexes are lost . CSN5 1 extracts on the other hand retained the mini-CSN complex . DTrc8-induced growth inhibition was suppressed null2.2 , CSN5 null1.3 and CSN5 missense mutations in trans with CSN5 null1.3 and larvae positive ( þ ) or negative (À) for DTrc8-MYC. Larvae were sorted on the basis of GFP expression, frozen in liquid N 2 , and extracts prepared with 0.1% digitonin. In total, 40 mg protein from each lysate were resolved on a 4-20% gradient gel for 24 h (see Materials and methods) along with high molecular weight standards. Duplicate blots were probed with the indicated antibodies. For a loading control, 4 mg aliquots of the digitonin lysates were heated in SDS sample buffer, resolved on a 10% SDS-PAGE gel and stained with Coomassie blue (CBB) ). In this model, TRC8 growth suppression would require the presence of the sub-CSN complex.
In mammalian NIH3T3 fibroblasts, overexpression of CSN5 results in the nuclear export (and degradation) of p27 kip1 in a CRM1-dependent manner (Tomoda et al., 2002) . These authors proposed that a mini-CSN complex was responsible for this activity. Overexpression of VHL, the predominant 'gatekeeper' gene in RCC, leads to elevated levels of p27 (Kim et al., 1998) . We previously reported that DTrc8 and DVhl interact in a common pathway (Gemmill et al., 2002) , and in unpublished studies we found that Drosophila Dacapo, which is similar to both p21 and p27, exacerbates the phenotype of DTrc8-induced growth inhibition. We also previously noted that the subcellular localization of CSN5 was substantially altered in paired RCC cell lines containing mutant or mutant plus wild-type VHL. Thus, CSN5 function may also be affected by VHL mutations. Our results suggest that disruption or deregulation of the intact CSN and/or sub-CSN complexes might underlie a portion of the pathogenesis of RCC and that further studies into the nature and function of these complexes are warranted.
Materials and methods
Drosophila stocks and growth conditions
Drosophila stocks were reared at 251C in humidified chambers on corn meal-molasses medium. Three strains carrying Gal4 transgenes were utilized. Actin-Gal4 expresses universally at high levels. P{GawB}Bx
MS1096Gal4 is an enhancer trap line expressing Gal4 under control of the Beadex promoter, which is primarily wing disc-specific, with higher levels in the dorsal compartment. In addition, the X chromosome location of Bx results in dosage compensation and higher expression levels in males. enGal4 is specific for posterior compartments during both embryogenesis and disc development. The fly stock P{w þ , Uas-DTrc8 7.1 }/CyO-GFP permitted DTrc8 expression under Gal4 control (Gemmill et al., 2002) . A recombinant chromosome carrying enGal4, UasDTrc8 7.1.2 contained two copies of UasDTrc8 7.1 driven by the engrailed promoter. Four mutant alleles of CSN5 (chromosomal location 89D1-2), and one of CSN4 (44A1-2) were utilized. CSN5 null1.3 was generated by imprecise P-element excision and removes the entire coding region . CSN5 1 , CSN5 2 and CSN5 3 alleles were generated by EMS mutagenesis and encode the missense mutations E160V, G146D and T100I, respectively Suh et al., 2002) . All CSN5 mutations were balanced over TM3-Ser-GFP to permit sorting of homozygous mutant embryos or larvae. The CSN4 null2.2 mutation was generated by imprecise P-element excision and removes base pairs from À375 to þ 55 relative to the ATG start codon . All CSN5 and CSN4 alleles used are homozygous lethals. Copy number for CSN6 (94B5) was reduced using the chromosomal aberration (Df(3R)hh). Levels of proteasome lid subunits RPN8 (60D1-2) and RPN11 (25C3) were reduced using the P-element insertions, P{k08003} and P{w[ þ mGT] ¼ GT1}, respectively.
Western blot analysis
The 24 h egg collections were permitted to develop for 24 h at 251C, then sorted for GFP fluorescence, weighed and frozen in liquid N 2 . This avoided the lethal phase of growth in most homozygous mutants, since this varied between second and third instars. However, the CSN5 2 bearing chromosome was homozygous lethal at the beginning of first instar and most larvae failed to hatch. This was overcome by crossing the CSN5 missense alleles to the CSN5 null1.3 /TM3-Ser-GFP line to generate trans-heterozygotes, which developed to at least second instar. Extracts were prepared in ice-cold NP-40 lysis buffer containing 25 mM Tris-HCl (pH 7.2), 150 mM NaCl, 5 mM DTT, 2 mM MgCl 2 , 0.5% NP-40, 1 mM PMSF, 5 mg/ml aprotinin, 5 mg/ml leupeptin, 1 mg/ml pepstatin A, 1 mM 1,10-phenanthroline, 10 mM N-ethylmaleimide, 1 mM activated Naorthovanadate and 1 mM NaF. Homogenates were clarified in a microcentrifuge (5 min at 10 K r.p.m.) and protein concentrations measured by the Bradford assay. In total, 10 mg of protein per lane were denatured in Laemmli sample buffer, resolved by SDS-PAGE and transferred to PVDF membranes. Membranes were blocked in PBS/0.1% Tween/10% nonfat dry milk (NFDM) and incubated with primary antibodies for 1 h in PBS/0.1% Tween/1% NFDM, washed extensively in PBS, then incubated with HRP-conjugated secondary antibodies. Detection used the ECL Lightning Plus reagent from Amersham.
Native gel electrophoresis
Larvae were sorted for GFP expression, weighed and frozen at À801C in 30-50 mg aliquots. Preparation of lysates and CSN complex resolution on native gel electrophoresis followed a protocol developed by Tomoda et al. (2005) . Briefly, frozen larvae were homogenized in 5 volumes of digitonin lysis buffer (0.1% digitonin, 50 mM Tris-HCl, pH 6.8, 120 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM activated Na orthovanadate, 10 mM b-glycerophosphate, 0.2 U/ml aprotinin, 5 mg/ml leupeptin, 1 mg/ml pepstatin A and 1 mM PMSF) on ice. Lysates were frozen in liquid N 2 , thawed in ice water over 30 min with occasional vortexing and centrifuged at top speed for 10 min to pellet nuclei and debris. Aliquots containing 40 mg protein were mixed with 6 Â sample buffer (Tris, glycine, bromophenol blue) and resolved on 4-20% gradient gels (Criterion, BioRad,Inc., Hercules, CA, USA) at 5 mA (16 h) followed by 10 mA (6 h). Electrophoresis was carried out at 41C using a Tris-glycine electrode buffer (25 mM Tris, 192 mM glycine) for both the prerun (2 h at 20 mA) and for separating protein complexes. Preparation of Western blots and antibody detection used standard protocols.
